ABSTRACT
INTRODUCTION
Advances in sequencing technology have created opportunities for performing large-scale genome comparisons. An increasingly large number of prokaryotic and viral genomes are becoming available to the scientific community which is evident from the exponential increase in the size of GenBank and other genome databases (Benson et al., 2003) . To date about 200 bacterial and numerous viral genomes are completely sequenced. These developments leave comparative genomics poised to give a better understanding of biological functions and reveal higher order functional meanings from this data. Parallel analysis of a number of diverse or related genomes can contribute to our understanding of their functional subsystems and the evolutionary forces shaping genome architecture.
Presently, there are many systems focusing on specific types of comparisons for many genomes, e.g. COG (Natale * To whom correspondence should be addressed. et al., 2000) , PEDANT (Frishman et al., 2003) , KEGG (Kanehisa, 2002) and WIT (Overbeek et al., 2000) . As more and more genomes are being sequenced, gene order comparison is emerging as an informative property of the genomes which gives information not only on genome architecture but also on the functions and interactions of the proteins in genomes besides information on genome and organismal evolution (Tamames, 2001 ). Gene order is thus increasingly becoming a popular paradigm in molecular biology. Gene order studies have been carried out for a few bacterial species and eukaryotic organisms (Mushegian and Koonin, 1996; Gilley and Fried, 1999 Subramanian et al., 2000) . Gene order studies on fully sequenced viruses, mitochondria and chloroplast have also been performed (Hannenhalli et al., 1995; Boore and Brown, 1998; Blanchette et al., 1999; Turmel et al., 1999; Afonso et al., 2000) . Recently, Pal and Hurst (2003) reported the higher tendency of essential genes to remain adjacent during evolution. Mazumder et al. (2001) developed a WWW-based interface for gene order comparison for small genomes under 200 KB in size. The output is in the form of a table and it allows comparison of only two genomes at a time. We present here a new prototype tool, gene order visualizer (GOV), that compares completely sequenced prokaryotic genomes and coronavirus genomes through multiple gene order comparison or functional description cluster criteria. GOV visually portrays gene order information in a form that allows one complete genome to be compared simultaneously with other complete prokaryotic and selected viral genomes. Also, the sequence for the gene of interest can be subjected to BLAST analysis at NCBI. GOV analyses and visualization may shed light on selective pressures governing the clustering of genes and the conservation of gene order for specific genomes besides helping in gene annotation. The system concentrates on two types of comparisons: (i) gene order between genomes and (ii) functional category level comparison based on the product descriptions in GenBank. For gene order, we have developed a color code module that annotates genes based on the functional descriptions they share, and compares the resulting clusters side-by-side.
SYSTEM AND METHODS
GOV is a web-based application that primarily uses the CDS information in the Feature Table and the nucleotide sequence in GenBank genome data entry to represent the genome architecture graphically. The interface retrieves and displays the information on gene organization, gene length and gene description based on functional category in a user-friendly manner. Hyperlinks from the gene structures allow one to view the relative positions and order of genes, to extract the sequences and display them in a separate window. This accelerates the ability of scientists to access information about genes, gene clusters and transcription direction sequenced from GenBank genome data. GOV is a general-purpose tool of potential use to anyone studying gene order and comparative genomics in prokaryotes or the recently detested coronavirus genomes. Development of this tool involved compiling, calculating and standardizing gene names and gene order information from GenBank genome data.
IMPLEMENTATION
Examples of implementation of GOV for SARS coronavirus genomes and ribosomal proteins from Mycoplasma species are available from the WWW site along with description of output formats.
DISCUSSION
Genomes evolve by transposition of mobile elements, by gross rearrangements, such as inversions, translocations and deletions, by homologous recombination and by slippage of DNA polymerase during replication. The most clear-cut application of GOV is for the visualization and comparison of genome architecture for prokaryotic and selected viral genomes. The user can visualize genes in terms of their direction of transcription, position, length and functional category. This effectively provides the functionality of genome display and can be helpful for delineating sets of candidate genes with gene clusters and also those that show clustering under a specified functional category. Such information can be instrumental in determining the factors responsible for gene order conservation and in elucidating the phylogenetic relationships among genomes. Experimental data accumulated from homologous genes when integrated with insights from gene order can accelerate our understanding of biological processes and our ability to rationally understand or manipulate genes either in basic biology or in applications. Types and frequencies of genome rearrangement can be inferred and clusters of genes can be explored to infer correlation to functionality. Thus, GOV is a convenient platform for gene cluster analyses and evolution. GOV is part of the new generation of tools that help researchers navigate this post-genomic world. Overall, GOV provides many layers of information, allows researchers to view or dynamically calculate their information of interest as well as investigate related data, ranging from the nucleotide level to multiple organism genome comparisons. Researchers can thus gain global system views in terms of higher order functional meanings, and place their research interest into perspective within the vast sea of genomic data now available.
Limitations
The visualizer works on functional categories based on annotation in GenBank and hence the authors advise caution in interpretation of results. Currently, the system allows comparison of 10 genomes at a time.
